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The emerging diversity of Citrus tristeza virus (CTV) genotypes has complicated detection and diagnostic measures and prompted the search for new differentiation methods. To simplify the identification and differentiation of CTV genotypes, a multiplex reverse-transcription polymerase chain reaction (RT-PCR) technique for the screening of CTV isolates was developed. Variable regions within the open reading frame (ORF)-1a of diverse CTV genotypes were identified to develop first a simplex (S) and then a hexaplex (H) RT-PCR. CTV isolates have been grouped previously into five genotypes (namely, T3, T30, T36, VT, and B165) based on the nucleotide sequence comparisons and phylogenetic analyses. Nucleotide sequences from GenBank were used to design species and genotype-specific primers (GSPs). The GSPs were initially used for reliable detection of all CTV genotypes using S-RT-PCR. Furthermore, detection of all five recognized CTV genotypes was established using the H-RT-PCR. Six amplicons, one generic to all CTV isolates and one for each of the five recognized genotypes, were identified on the basis of their size and were confirmed by sequence analysis. In all, 175 CTV isolates from 29 citrus-growing countries were successfully analyzed by S-and H-RT-PCR. Of these, 97 isolates contained T36 genotypes, 95 contained T3 genotypes, 76 contained T30 genotypes, 71 contained VT genotypes, and 24 contained B165 genotype isolates. In total, 126 isolates contained mixed infections of 2 to 5 of the known CTV genotypes. Two of the CTV isolates could not be assigned to a known genotype. H-RT-PCR provides a sensitive, specific, reliable, and rapid way to screen for CTV genotypes compared with other methods for CTV genotype detection. Efficient identification of CTV genotypes will facilitate a better understanding of CTV isolates, including the possible interaction of different genotypes in causing or preventing diseases. The methods described can also be used in virus-free citrus propagation programs and in the development of CTV-resistant cultivars.
Citrus spp. are hosts for various virus and virus-like pathogens. One of these, Citrus tristeza virus (CTV), is an aphid-transmitted, phloem-limited virus that belongs to the family Closteroviridae and, for the past 80 years, CTV has been the most economically important viral pathogen of Citrus spp. (6, 27) . CTV has a host range restricted to two genera within the family Rutaceae (27, 35) . The virus is usually introduced into new citrus-growing areas by propagation of infected budwood and is then spread by aphids in a semipersistent mode (23) . CTV may be present in infected trees singly or in mixtures of genotypes (2, 9, 38) .
CTV infection may cause different disease symptoms. Due to the wide biological diversity of CTV, identification of the actual virus genotype or genotypes present in an area is essential to determine control strategies. An isolate of CTV usually falls into one or more of the general biological symptom categories as previously defined (13, 34) . These biological symptoms are as follows: leaf reaction (LR) on Mexican lime, decline of sweet orange on sour orange (DEC), seedling yellows on sour orange seedlings (SO-SY), or stem pitting on either grapefruit (GFSP) or sweet orange (OSP) (13) . All symptoms can be rated (0-to-3 scale, with 0 indicating no symptoms, 1 indicating mild symptoms, 2 indicating moderate symptoms, and 3 indicating a very severe reaction) and an isolate having a certain rating on each indicator can be placed in a certain pattern number (0-to-10) (13) . The LR in Mexican lime is rated depending on the amount of vein clearing, leaf cupping, stunting, and stem pitting in the host. The DEC syndrome is rated as the amount of stunting and leaf chlorosis of sweet orange grafted on sour orange, indicative of CTV-induced bud-union phloem injury. The SO-SY reaction is characterized by chlorotic leaves, reduced leaf size, and stunting of sour orange seedlings. GFSP and OSP are the stem pitting reactions of Duncan grapefruit and Madam Vinous sweet orange seedlings, respectively. The name "stem pitting" indicates the presence of longitudinal pits or channels in the wood of the stems.
Several techniques have been developed for the detection and differentiation of CTV isolates. Traditionally, CTV has been detected and categorized by biological indexing, which requires inoculation of appropriate indicator plants (13, 14) . Following the purification of CTV, antibodies to the virus and associated serological tests were developed. These procedures include enzyme-linked immunosorbent assay (ELISA) and direct tissue-blot immunoassay (DTBIA) (15) using a variety of polyclonal and monoclonal antibodies (MAbs) (31, 33, 51) . The most widely used MAb to distinguish mild and DEC isolates is MCA13 (33) , which detects only decline strains. ELISA and DTBIA are reliable and rapid and have relatively low costs but their main drawbacks are sensitivity and specificity (47) . With the advance of methods from molecular biology, reverse-transcription polymerase chain reaction (RT-PCR) has been adapted for detection of CTV. Specific RT-PCR assays for different genomic regions that distinguished different CTV isolates by genotype have been previously developed (3, (17) (18) (19) (20) 32, 41, 46) . Single-strand conformation polymorphism (SSCP) analysis also has been used to characterize the genetically diverse population structure of CTV (4, 38, 42, 46) . More recently, reverse-transcription quantitative polymerase chain reaction (RT-qPCR) has been developed for detection and quantification of CTV from infected tissue and aphids (2, 7, 43, 47) . Rapid identification of mild, DEC, SY, or SP CTV isolates has been accomplished by a highly specific RT-qPCR method using TaqMan locked nucleic acids probes (44) .
Multiplex RT-PCR is a useful technique for detecting multiple viruses infecting citrus (40) and other plants (8, 11, 12, 45, 50) . This sensitive technique should be very useful for identification of multiple CTV genotypes, as has been done in potato, where a competitive multiplex RT-PCR was developed using single antisense and multiple strain-specific sense primers to distinguish biologically and geographically distinct strains of Potato virus Y infecting potato (24, 29, 30) .
Five CTV genotype isolates (T3, T30, T36, VT, and B165) have now been described and characterized (1, 16, 22, 25, 39) . The biological characteristics and relative nucleotide homologies (complete and open reading frame [ORF]1a) of the five CTV type isolates are described in Table 1 . In this study, a set of genotypespecific sense and antisense primers was developed and applied using simplex (S) and multiplex RT-PCR to test a global collection of 175 CTV isolates from the United States and other citrus-producing countries. This is the first use of multiplex RT-PCR for the simultaneous detection of the five known CTV genotypes from infected citrus plants.
MATERIALS AND METHODS
Virus isolates used as positive controls. The CTV genotypic isolates T3, T30, T36, VT, and B165 were used as positive controls in this study. Type isolates T3, T30, and T36 were collected from greenhouse plant materials at the University of Florida, Citrus Research and Education Center (CREC), Lake Alfred. The VT (B395) and B165 isolates were collected from the Exotic Pathogens of Citrus Collection (EPCC), Beltsville, MD. Isolates were selected for screening based on geographical and biological properties. All of the EPCC isolates were designated with a prefix "B". All virus isolates were maintained in Mexican lime (Citrus aurantifolia (Christm.) Swingle) or Madam vinous sweet orange (C. sinensis (L.) Osbeck) seedlings. Healthy Mexican lime and Madam Vinous seedlings were used as negative controls for all experiments. Other CTV isolates used as positive controls were isolate FS317 (mixture of T30 and T36 genotypes), isolate FS627 (T30, T36, and VT genotypes), graft-inoculated mixture of isolates FS627 and B408 (T3, T30, T36, and VT genotypes), and isolates FS627 and T68 (T3, T30, T36, VT, and B165 genotypes).
Isolation of total RNA from citrus tissues. Phloem-containing citrus bark tissues (100 mg) were removed from trees and either dried over silica gel or used fresh as starting materials for extraction of RNA. The Qiagen RNeasy plant mini kit (catalog no. 74904; Valencia, CA) and TRIzol from Invitrogen (catalog no. 15596-026; Carlsbad, CA) were used to prepare total RNA containing CTV genomic targets to compare the yield and purity of the extracted RNA. Estimation of RNA yield and quality was done with a NanoDrop ND-1000 Spectrophotometer (Wilmington, DE) by measuring optical density at 260 nm and the ratio of the absorbance at 260 and 280 nm, respectively.
Species and genotype-specific CTV primers. Six sets of primers were designed for S-and hexaplex (H) RT-PCR to amplify the following areas of the CTV genome: (i) the conserved areas within the coat protein gene (CPG), (ii) a portion of the large interdomain region (IDR) of isolate NZ-M16 (a T3-like isolate), (iii) a partial portion of the leader protease (LPro) I domain of ORF1a of the T30 isolate, and (iv) the LProII domain encoding a portion of ORF1a, an area conserved in type isolates T36, VT, and B165. The CPG primers were used for detection of all CTV genotypes. The sequence information for the genotypespecific primers (GSPs) was obtained from the 12 complete nucleotide sequences of CTV isolates: B165 (accession EU076703), NZ-B18 (FJ525436), NZ-M16 (EU857538), T318A (DQ151548), NUagA (AB046398), VT (U56902), SY568 (AF001623), T30 (AF260651), T385 (Y18420), T36 (U16304), Qaha (AY340974), and an isolate from Mexico (DQ272579) available from the National Center for Biotechnology Information (NCBI) database (http://www.ncbi.nlm.nih.gov). The sequences available of CTV isolates were aligned using the multiple alignment analysis program CLUSTAL-X (49) followed by GeneDoc (28) . Criteria such as specificity, stability, and compatibility were considered in the primer design. The program Oligo Analyzer 3.1 (Integrated DNA Technology) was then used (http://www. idtdna.com) to determine the annealing temperatures for the sense and antisense GSPs. The oligonucleotide sequences were also scanned for internal structures such as hairpins and self and hetero dimers using the MFOLD program in Oligo Analyzer 3.1. The GSPs for isolates T3, T30, T36, VT, B165, and the speciesspecific CPG RT-PCR primers are listed in Table 2 .
Standardization of S-RT-PCR. The first strand of cDNA synthesis was accomplished using 10 µl of total RNA at 200 ng/µl, 10 µM species-and genotype-specific antisense primer, 10 mM dNTP, 5× first-strand buffer, 0.1 M dithiothreitol, r-RNasin (Promega Corp., Madison, WI), and Superscript II RT (Invitrogen) as per the manufacturer's protocol. The tubes were then incubated at 42°C for 50 min followed by inactivation of the reaction by heating at 70°C for 15 min in a thermal cycler (Model HBPX 110; PCR Express, Hybaid Limited, Middlesex, UK). The GoTaq Green Master Mix (catalog no. M7123; Promega Corp.) was used for the standard-format PCR assay. A 3.0-µl sample of amplified cDNA was used as template in a PCR reaction (50-µl volume) following the protocol described by Roy et al. (40) . To determine the best annealing temperature, a gradient PCR was performed using the following parameters: one cycle at 94°C for 3 min; 30 cycles at 94°C for 30 s, 54 to 62°C for 30 s, and 72°C for 45 s; followed by one cycle at 72°C for 10 min. The PCR products were analyzed by electrophoresis on 1.0% agarose gel stained with GelRed (catalog no. 41003; Biotium, Hayward, CA). Amplicons of the expected sizes were produced without any primer dimers to complete standardization of the S-RT-PCR reaction conditions.
Standardization of multiplex RT-PCR.
A 10× primer mixture containing the genotype-specific antisense primers (2 µM each primer) for each of the genotypic isolates was prepared and used to accomplish cDNA synthesis as the first step of the multiplex RT-PCR standardization. For each RT reaction, total RNA at 200 ng/µl from the different CTV isolates was mixed with 10 µl of the 10× antisense primers mixture. The cDNA synthesis protocol developed for S-RT-PCR was used for multiplex RT-PCR in a total reaction volume of 100 µl. During assay development, a QIAquick PCR purification kit (Qiagen) was used to purify the cDNA which was eluted in 50 µl of the supplied Qiagen EB buffer. The Multiplex PCR Master Mix (25 µl) (catalog no. 206143; Qiagen) was combined with 4 to 5 µl of eluted cDNA and 5 µl of 10× forward and antisense primers mixture (2 µM of each primer) and adjusted to a 50-µl final volume with nucleasefree water. Gradient PCR was used to determine the annealing temperature for all six amplicons as follows: a one-cycle activation step at 95°C for 15 min to activate the HotStar Taq Polymerase; 30 cycles at 94°C for 30 s, 54 to 62°C for 90 s, and 72°C for 90 s; followed by one cycle at 72°C for 10 min. The amplified products were analyzed by electrophoresis on a 1.2% agarose gel.
Sensitivity and applicability of the S-and H-RT-PCR.
To evaluate the detection limits of S-and H-RT-PCR, total RNA was isolated from healthy seedlings, plants infected with each of the genotype isolates, and plants with mixed infections. The concentrations of the isolated total RNAs were adjusted to 200 ng/µl. Total RNA from five single-genotype isolates was used for the S-RT-PCR. In each test, total RNA from a healthy citrus plant was used as the negative control. The cDNA for the CPG and for the five specific genotypes was synthesized using RNA isolated from CTV-infected plants and serially diluted 10-fold (10 -1 to 10 -6 ) in nuclease-free water. The 10-fold dilution series was tested to check the sensitivity of S-RT-PCR. The RNAs from the five single-genotype isolates were mixed together to use as templates for RT-PCR reactions and the resulting cDNA was used to prepare a dilution series that was tested using H-RT-PCR. In addition, cDNA from plants with mixed-genotype infections and pooled cDNA from single-genotype-infected plants were also used to assess the sensitivity and utility of the H-RT-PCR for detecting mixed CTV field infections.
Agarose gel purification and sequence verification. The Qiagen gel extraction kit (catalog no. 28704) was used to purify gel products after electrophoresis. Each individual amplicon from the H-RT-PCR was cut out of the gel, purified, and used as a DNA template for further PCR amplification. The CPGs (positive CTV control) and GSPs were used to confirm the identity of each virus genotype by S-RT-PCR. The PCR products were purified by QIAquick PCR purification kit (catalog no. 28104) and sequencing was done using each GSP pair in both orientations using the ABI Prism BigDye terminator cycle sequencing protocols (Applied Biosystems, Perkin-Elmer Corp., Foster City, CA).
Application of S-and H-RT-PCR for the screening of domestic and exotic CTV isolates.
To determine the presence of the various CTV genotypes, 175 isolates from 29 countries representing six continents were screened. These isolates included a total of 24 CTV isolates from California, Texas, and Hawaii; 60 isolates from Florida; and 91 isolates from various citrus-growing countries. Apart from the Florida and Texas CTV isolates, all other U.S. and "exotic" CTV isolates were collected from the EPCC, Beltsville, MD.
RESULTS

Comparison between the TRIzol reagent and Qiagen
RNeasy plant mini-kit for nucleic acid extractions. Highquality RNA was obtained using both the extraction methods. In both S-and H-RT-PCR, consistent amplification products of the expected size were obtained. The RNeasy kits provided a fast and simple method for preparing high concentration of total RNA for use in RT-PCR downstream application and the processing of multiple samples in less than 30 min. Because the Qiagen RNeasy kits were more convenient, all the experimental results below were obtained using them.
Primer design for detection of multiple CTV genotypes using S-and H-RT-PCR. Twelve complete genome sequences of CTV isolates in GenBank were aligned and compared to determine the conserved regions specific to each genotype. Three regions of ORF1a of the CTV genome were selected as targets for the five GSPs. A conserved nucleotide sequence within the LProI domain of the T30 genotype was selected for developing the sense and antisense primers for this genotype. Similarly, genotype-specific conserved regions of the LProII domain were In degenerate primer sequences, the "R" represents the letters A or G and "Y" represents the letters C or T. b In the absence of a T3 full-genome sequence in the GenBank, the T3-like genotypic New Zealand isolate NZ-M16 sequence was used.
selected as targets to develop primers specific for the T36, VT, and B165 genotypes. The IDR of ORF1a was chosen as a target for primers for T3 genotype-specific detection. The target positions and the amplicon sizes of the sense and antisense primers are schematically presented in Figure 1 . Within the regions targeted for amplification, primers were designed based on the following criteria: primer length (≈25 nucleotides [nt]), GC content (40 to 50%), size differences of genotype-specific amplicons to facilitate screening by electrophoresis (≈100 nt), and minimal melting temperature differences between all primers to facilitate the multiplexing of the PCR reaction (not >3°C) ( Table 2 ). All sense and antisense GSPs were designed across base mismatches to minimize the risk of amplifying nontarget genotypes (Fig. 2) . A degenerate CPG primer pair (p25) was developed and successfully used for detection of all CTV isolates regardless of identifiable or unidentified CTV genotypes. This primer pair served as a positive control in reactions with six sets of GSPs that were developed to specifically detect all known CTV genotypes. These GSPs successfully amplified a single band for each genotype using the S-RT-PCR assay. However, only one of the six sets of GSPs simultaneously amplified all six amplicons in H-RT-PCR without producing any self or hetero dimers. This set of GSPs used for the simultaneous detection of all the known CTV genotypes is described in detail in Table 2 .
Standardization of S-and multiplex RT-PCR. The expected genotype-specific amplicons were obtained from all five CTV type isolates by S-RT-PCR (Fig. 3) and by multiplex RT-PCR (Fig. 4) . Two amplicons-namely, the positive control (CTV-CPG; 672 bp) and the amplicon generated by each of the GSPswere found in all the samples infected with CTV. The amplicon sizes generated by GSPs for genotypes T36, B165, T3, VT, and T30 were 836, 510, 409, 302, and 206 bp, respectively (Fig. 3) . The conventional and Multiplex-PCR Master Mix which contained PCR buffer, dNTPs, MgCl 2 , and Taq DNA polymerase was used according to the manufacturer. The multiplex RT-PCR was standardized for the reliable detection of specified CTV genotypes by changing the parameters previously used for S-RT-PCR. Standardization of the different types of multiplex RT-PCR was performed using an equal volume of pooled cDNAs from isolates of known genotype in all possible combinations. The total concentration of GSPs was decreased from 0.4 to 0.2 µM and the durations of the annealing and extension steps were increased from 30 to 90 s (at 57°C) and from 45 to 90 s (at 72°C), respectively. There are 26 possible combinations of CTV mixed infections (Fig. 4) . Combination analysis (using the formula n C r = n!/r![n -r]!, for the number of possible combinations of r objects from a set of n objects) showed that two or three CTV genotypes can co-infect healthy plants in 10 different combinations whereas four genotypes can infect in 5 possible ways.
Specific regions of the various CTV genotypes were successfully amplified in H-RT-PCR when the Qiagen Multiplex PCR Master Mix was used. No amplicons were observed when an equal concentration of total RNA from the healthy citrus seedlings was used as template for S-and H-RT-PCR. When the PCR master mix for S-RT-PCR was used for H-RT-PCR, inconsistent results were obtained (data not shown). For example, the T36, T30, and VT genotypes failed to amplify when pooled cDNA containing all genotypes was used for H-RT-PCR with the S-RT-PCR buffer system. Therefore, reaction conditions were modified for H-RT-PCR as described above.
Sensitivity limits of S-and H-RT-PCR. The detection limits of the S-and H-RT-PCR were compared. Positive results were obtained in S-RT-PCR at the dilution of cDNA 10
-5 for genotype B165; 10 -4 for T30, VT, and CPG; and 10 -3 for T3 and T36 (Fig.  5A to F) . In H-RT-PCR, positive detections were found up to 10 ( Fig. 5G) . Thus, the detection sensitivity using H-RT-PCR increased for genotype T36 (10 -3 to 10 -4 ), VT (10 -4 to 10 -5 ), and CPG (10 -4 to 10 -5 ) but remained the same for B165, T3, and T30.
Identity of S-and H-RT-PCR amplicons.
The RT-PCR amplicons from S-and H-RT-PCR were excised from the agarose gels, purified, amplified using specific primers, and sequenced to assess the specificity of the RT-PCR assays. Sequences of S-and H-RT-PCR products of all positive-control CTV genotypes and the species-specific CPG control were obtained and confirmed to be CTV sequences by comparison with CTV sequences in the NCBI GenBank. Amplicon sequences showed 98 to 100% identity to the targeted sequences of each genotype isolate.
Application of S-and H-RT-PCR for the detection of CTV genotypes from CREC and global collections. Using S-and H-
RT-PCR, 60 ELISA-positive CTV isolates from Florida were identified as infected with single or multiple CTV genotypes (Table 3) . Among these 60 isolates, 13 were singly infected with either T36, T30, T3, or B165. No isolate was solely composed of the VT genotype. The remaining Florida CTV isolates tested had mixed infections (Table 3) containing two, three, or four genotypes. T3 and T30 (60 to 72%) genotypes were more predominant in Florida isolates whereas VT and B165 genotypes (12 to 20%) were less prevalent.
Genotypic profiles were determined for 24 CTV isolates originating in California, Hawaii, and Texas. The majority of these isolates, 21/24, were composed of more than one genotype. Among these 21 isolates, 10 isolates were co-infected with two and eight isolates with three identifiable CTV genotypes. Two isolates from Hawaii, one from California, and four from Florida had mixed infections composed of four identifiable CTV genotypes. None of the 84 isolates from the United States were composed of all five known CTV genotypes.
Genotypic profiles were determined for 91 "exotic" ELISApositive CTV isolates from 28 citrus-growing countries (excluding the United States). The distribution of the five known CTV genotypes is presented in Table 4 . In all, 55 isolates contained the T36 genotype, 46 contained the VT genotype, 41 contained the T3 genotype, 19 contained the T30 genotype, and 12 contained the B165 genotype. In total, 58 of the isolates were co-infected with two or more CTV genotypes (Table 4) . Only one CTV isolate, BAN-2 from India, was identified as containing all five known genotypes.
In a previous study, the multiple molecular marker (MMM) S-RT-PCR assay could not identify the genotype of eight CTV isolates (17). The S-and H-RT-PCR assays reported here successfully identified seven of these eight CTV isolates as single or multiple genotype infections. These isolates were B275 from Australia (infected with T3 and T36), B282 from Bermuda (infected with T36 and VT), B66 from China (infected with T3, T36, and VT), B116 from Hawaii (infected with T3, T30, T36, and VT), B294 from Jamaica (infected with T36), B29 from Japan (infected with T36 and B165) and B249 from Venezuela (infected with T36 and VT). A genotypic profile could not be determined for the Spanish CTV isolate B159, as in the previous study (17) . In addition, a genotypic profile could not be determined for isolate B301 from Puerto Rico. 
DISCUSSION
Genomic analyses of CTV isolates have recently increased the number of known CTV genotypes from three to five and, thus, CTV diagnosis must change (16, 37, 39) . Therefore, new identification and differentiation methods are required to distinguish between various CTV genotypes. Bio-indexing is useful for detailed studies of individual CTV isolates (13) but has not been used for genotyping due to the lack of correlation between phenotypic expression and genetic identification. In addition, bioindexing cannot distinguish between isolates with single-and multiple-genotype infections. Serological methods such as ELISA are useful for primary diagnostic assays of CTV infections (10, 15, 31, 32, 33, 51) but also cannot differentiate genotypes. The commonly used MAb, MCA-13, can serologically differentiate the T36 (DEC) genotype from the T30 (asymptomatic) genotype (33) but is unable to differentiate T36 from SP genotypes such as VT, T3, and B165. A system that combines OSP with ELISA serologically differentiates only sweet orange SP-CTV isolates from non-SP isolates (31) . Genotypes have been identified by use of MMM RT-PCR (18, 19) . However, these primers cannot be used for multiplex RT-PCR because of primer interference and overlapping amplicons.
This study describes S-and multiplex RT-PCR assays that are efficient tools for the detection and identification of all known CTV genotypes. A number of CTV genotypic isolates or strain detection assays have been reported, based on S-RT-PCR and RTqPCR utilizing various GSPs (18, 19, 36, 44) . These methods successfully distinguished a maximum of four genotypes but did not have the ability to simultaneously identify these four genotypes. The recently reported CTV-B165 genotype (39) was not included in the previous studies. In this study, GSPs were designed and standardized based on the sizes of the anticipated amplicons. A major advantage of the multiplex RT-PCR technique is its capability to detect and differentiate individual CTV isolate genotypes and co-infections, if any, in a single assay. Previously reported CTV genotype-specific MMMs (18, 19) were used to identify T3, T30, T36, and VT genotypes using S-RT-PCR but these markers were unable to detect unidentified genotypes in single or co-infections, such as the recently discovered B165 (39). To our knowledge, this is the first report of the multiplex RT-PCR technique for simultaneous detection of all currently known CTV genotypes. This detection and identification method also would be applicable in field-based epidemiological studies.
Multiple citrus viruses, viroids, and other citrus pathogens were detected simultaneously by PCR using methods developed in previous studies (5, 21, 40) . The design and standardization of multiplex RT-PCR assays for citrus viruses belonging to different families is comparatively simpler than multiplex determination of the genotypes of the same virus. Competition among the different templates of multiple CTV genotypes and their uneven distribution in mixed infections decrease the chance of proper CTV genotype identification. In our work, six sets of GSPs were standardized for conventional S-RT-PCR, out of which only one GSP set successfully amplified all of the amplicons in multiplex RT-PCR (Table-2 ). Careful design of primers to avoid hairpins, self-and hetero-dimers, and competition for primers among CTV templates may account for our successful amplification of genotype-specific amplicons in H-RT-PCR. In addition, multiple RT-PCR parameters were optimized to ensure an efficient H-RT-PCR. These parameters included utilizing the Qiagen Multiplex PCR Master Mix with a lower concentration of primers and longer annealing and extension times. The HotStar Taq (Qiagen) successfully amplified very low copy numbers of CTV genotype targets and prevented the formation of misprimed products and primer dimers during the multiplex reaction.
Both single-and multiple-CTV-genotype infections can be detected in a single assay using multiplex RT-PCR. In addition, 5 to 8 ). All the RT-PCR primer names are indicated at the top and the same lanes are aligned in each successive panel. Lanes 1 and 9: 100-bp molecular marker from healthy citrus seedlings. Lane 2: total RNA was used as the negative control. the limit of sensitivity for detection of CTV RNA infection in either single-of mixed-genotype infections has been standardized. It is significant that, when equal concentrations of RNA were tested in a dilution series, the detection sensitivity for the multiplex RT-PCR was either equal to or better than the S-RT-PCR, so that there was no loss of sensitivity in the H compared with the S assays. Because these standards were developed from total RNA, the proportion of virus to citrus RNA may vary between samples, which may be the possible reason for the lower sensitivity in detection of genotype T3.
Infections of CTV with multiple genotypes have been identified previously, and one genotype is often predominant in a population (36, 38, 41) . Double or multiple infections of different CTV genotypes within citrus hosts are considered to be common. Previous methods for genotyping CTV isolates required serial-specific S-RT-PCR and subsequent sequencing. In this study, the genotypic composition of 175 CTV isolates was determined by the new multiplex RT-PCR detection system. The results of serial S-RT-PCR assays and the multiplex RT-PCR assay were well correlated, demonstrating the improved efficiency of the new multiplex RT-PCR system and also showing that multiplex RT-PCR can effectively detect multiple CTV genotype infections in citrus without sequencing.
Analyses of Florida CTV isolates revealed that the genotypes T3 and T30 were predominant in mixed infections. In total, 47 CTV isolates were composed of two, three, or four genotypes (Table 3) . Among these isolates, 43 included T3 and T30 genotypes. T36 infections were predominant in triple and quadruple genotype infections with T3 and T30. Due to the small number of samples from California, Hawaii, and Texas, the array of CTV genotypes found may be incomplete for these states. As was observed with the Florida isolates, 50% of the isolates from California, Hawaii, and Texas with multiple genotypes contained T3 and T30 genotypes in either double-, triple-, or quadruple-genotype co-infections. The VT genotype was more often found in mixed infections with T3 and T30 rather than with the T36 and B165 genotypes.
The S-and multiplex RT-PCR assays revealed that 75% of the EPCC isolates contained one or two CTV genotypes. Genotypes T3 and T30 were predominant in the collection of U.S. isolates of CTV, which may represent a defined "subset" of the CTV genotypes, In contrast, the "exotic" CTV isolates did not follow any specific pattern of mixed genotypic infections. Citrus-growing countries such as China, India, Indonesia, Japan, and Taiwan have a greater diversity of Citrus spp. than is found in the United States (48) , and four to five identifiable CTV genotypes were detected in single CTV isolates from these countries, except China ( Table 4 ). The accumulation of multiple CTV genotypes may be favored by conditions such as the prolonged existence of citrus trees in the field, long-term persistent infections, and transmission of CTV by aphid vectors (38, 52) . The present analyses provide an approximation of the distribution of different CTV genotypes in many citrus-growing countries. The approximation is, of course, limited. The EPCC CTV collection may be geographically biased and may not reflect the overall distribution and incidence of CTV genotypes worldwide (19) ; however, this is the only location where such a worldwide collection exists.
In the present study, a major advance to enable routine diagnosis and differentiation of known CTV genotypes was developed. Regardless of geographical origin, two or more genotypes are often found under field conditions and, therefore, the present two-step multiplex RT-PCR protocol is needed for the detection and identification of CTV genotypes. This precise tool for CTV genotype detection and identification should be useful in the development of CTV-free or -resistant citrus plants. The five genotypes encompassed by our multiplex RT-PCR assay are the only genotypes currently described. However, we note that two ELISA-and RT-PCR-positive CTV isolates could not be assigned to any known genotype. This suggests that sequencing of those two isolates is needed to determine whether they are new genotypes or variants of an existing genotype. The recent publication China  5  5  5  0  1  1  3  2  1  2  0  0  0  India  11  11  4  2 0  Cuba  2  2  1  2  1  0  2  0  0  2  0  0  0  Dominican  Republic   3  3  0  2  2  0  3  0  3  0  0  0  0   Jamaica  2  2  2  0  0  0  0  2  0  0  0  0  0  Puerto Rico  3  3  1  1  1  0  1  0  2  0  0  0  1  Trinidad  1  1  1  0  1  0  1  0  0  0  1  0  0  United States  84  84  42  57  25  12  54  16  30  31  7  0  0  Total  175  175  97  76  71  24  95  48  68  43  13  1  2 CTV-CPG  T36  T30  VT  B165  T3  One  Two  Three  Four  Five  Unassigned   California  15  15  3  10  8  2  13  1  6  7  1  0  0  Florida  60  60  35  43  12  7  36  13  20  23  4  0  0  Hawaii  4  4  2  2  3  1  4  0  2  0  2  0  0  Texas  5  5  2  2  2  2  1  2  2  1  0  0  0  Total  84  84  42  57  25  12  54  16  30 of the complete genome sequence of five New Zealand CTV resistance-breaking isolates showed them to be T36-like in ORF1a. Further phylogenetic analyses of the 3′ terminal half region (ORF2-11) showed them to be an unidentified recombinant genotype (26) . Two of these New Zealand isolates, NZRB-M17 (FJ525435) and -TH30 (FJ525434), contained sequences identical to the sense and antisense T36 GSPs developed in our study and should be detected. The other three New Zealand isolates-NZRB-M12 (FJ525431), -G90 (FJ525432), and -TH28 (FJ525433)-as well as two recently sequenced Hawaiian isolates-HA18-9 (GQ454869) and HA16-5 (GQ454870)-would not be detected with the T36 GSPs. Thus, new CTV genotype primers need to be developed and added following the methods outlined for this CTV multiplex RT-PCR assay.
